Pheromone cues are an important component of intersexual communication, particularly in 17 regards to mate choice. Caenorhabditis nematodes predominant rely on pheromone production 18 for mate finding and mate choice. Here we describe a new microfluidic paradigm for studying 19 mate choice in nematodes. Specifically, the Pheromone Arena allows for a constant flow of small 20 molecule signals to be passed in real time from signaling worms to those making a choice 21 without any physical contact. We validated this microfluidic paradigm by corroborating previous 22 studies in showing that virgin C. remanei and C. elegans males have a strong preference for 23 virgin females over mated ones. Moreover, our results suggest that the strength of attraction is an 24 additive effect of male receptivity and female signal production. We go on to explicitly examine 25 female choice and find that females are more attracted to virgin males. However, a female's mate 26 choice is strongly dependent on her mating status. 27 28 31
Introduction

29
A critical component of sexual reproduction is the ability to find and recognize the 30 appropriate individual with which to mate. Individuals must be able to distinguish members of glass microscopy slide following exposure to air plasma. Holes for connecting tubing were 114 punched using a 1.25mm biopsy punch.
115
Microfluidic set-up and experimental protocol 116 To avoid blocking flow, air bubbles were evacuated from each device using a vacuum 117 chamber and replaced with M9 buffer. Worms were loaded into three chambers: ten worms each 118 were loaded into the two upstream "signaling" chambers of the device and 20 to 25 worms were 119 loaded into the single downstream "choice" chamber. To control for environmental and 120 observational biases, worm combinations were alternatively loaded into the left and right 121 upstream chambers. 122 Liquid was flowed through all inlets continuously, with the start of flow corresponding to 123 the beginning of an experiment. Flow was maintained at a constant rate using a pressurized air 124 system (S1 Fig.) . Specifically, air exiting a pressurized one gallon tank was regulated to 1.5 PSI.
125
The air-line running from the tank was bifurcated to two tubing lines, each pressurizing a sealed 126 500mL bottle of M9. The bottle caps were modified to hold seven pieces of tubing: one for the 127 7 air-line (terminating at the cap) and six liquid supply lines. The liquid tubing lines extended 128 below the M9 surface, allowing liquid to flow out of the bottle and into the microfluidic device 129 once air pressure was applied from the air-line. Tubing lengths were equal for each partition of 130 the set-up to maintain equal flow through all lines. Pressure could be maintained for three hours 131 off a single air tank.
132
The head position of each worm in the downstream chamber was counted every 30 133 minutes and recorded as being located under the left or right upstream chamber. Worms located 134 in the filter separators were not counted. If worms were flushed out of the downstream chamber 135 (and therefore the device), the assay continued without counting these worms and thus some 136 replicates had a decrease in sample size over time. If worms climbed or were flushed into a 137 different chamber than the one into which they were loaded, the experiment was terminated.
138
Each choice combination was replicated multiple times (n ≥ 3) over multiple days (n ≥ 2). Day 2 139 adult worms were used for the male choice assays. Day 1 adult worms were used for female 140 choice assays, except when comparing virgin versus mated female choice, which required using 141 day 2 adult females. All data have been made available (S2 File).
142
Statistical analyses 143
Data were analyzed in R v3.2.1 (R Core Development Team 2015). Replicates were 144 pooled for each choice assay by time point. An equality of proportions test was performed for 145 each assay individually to determine if: i) males were more attracted to virgin females over 146 mated females or ii) females were more attracted to virgin males over virgin females. The null 147 hypothesis was that of no choice (using a probability of success = 0.5). A chi-square test for 148 homogeneity was preformed to determine if the proportion of males or females choosing virgin 149 females or males, respectively, was equal across species combinations. 
Results
152
Microfluidic design 153 The Pheromone Arena has three sequential components: three inlets with each with a 154 distribution loading network, a main arena, and a single high resistance outlet (Fig. 1A) . The 155 arena area is further divided into three physically distinct chambers. The chambers all have a 156 pillar-array to facilitate the natural, sinusoidal movement of worms [35, 36] . The two upstream 157 chambers hold the pheromone signalers. Two versions of the loading distribution networks were 158 created to accommodate the size differences between males and females at day 2 of adulthood.
159
Specifically, female signalers have a wider distribution network, while male signalers have a 160 narrower distribution network coupled with the removal of the first two rows of pillars to prevent 161 males from climbing out of the chamber (Fig. 1B) . The upstream chambers are separated from 162 the single, large downstream chamber by a very fine filter (Fig. 1C ). This filter allows for small 163 molecules to pass, but rarely can worms pass through. Worms making a choice were loaded into 164 the downstream chamber by a third inlet. Due to laminar flow, two pheromone environments are 165 created in the downstream chamber that mirror the signaling pair in the upstream chambers (Fig. 166 1D). All the chambers were greater than one-by-one worm length, allowing for free movement of 167 individuals without density effects ( Fig 1E) .
168
No inherent biases were measured in the movement of worms in the downstream 169 chamber. In particular, when no pheromone cue was present, males were equally likely to move 170 to the left of right sides of the chamber in a random fashion (p = 0.45, n = 24 replicates). Virgin C. remanei and C. elegans females were assayed for their ability to discriminate 218 between conspecific virgin males and females. Female choice increased slightly over time, but 219 was consistent by 60 minutes, again making this time point a reflective measure of overall 220 female choice (S3 Fig.) . Interestingly, C. remanei and C. elegans followed a similar trend in (Fig. 3) . When females were given a 224 choice between male pheromone and no pheromone, they still chose the male pheromone more 225 than expected by chance (χ 2 = 7.19, d.f. = 1, p < 0.01), suggesting that females are in fact 226 attracted to males and not simply repulsed by other females. However, C. elegans females 227 showed no clear differentiation between conspecific males and females (proportions test: χ 2 = 228 0.563, d.f. = 1, p = 0.45, 95% C.I. of male attraction = 45.0-61.8%). Moreover, the heterospecific 229 assays also showed a lack of discrimination between male and female pheromones, suggesting 230 that female choice may be species-specific, or at least very weak at best within C. elegans. The conspecific male choice results support previous studies [16, 18] in showing that 272 virgin males are strongly attracted to virgin females over mated females in both C. elegans and 273 C. remanei. Interestingly, males from these species did not discriminate between female mating 274 types with the same intensity [16] . In particular, C. elegans males had a reduced ability to 275 discern virgin females from mated ones. However, when C. elegans males were presented with 276 pheromones from C. remanei females, male attraction to virgins increased. Similary, C. remanei 277 males could distinguish between virgin and mated C. elegans females better than C. elegans 278 males. Therefore, there appears to be a decrease in both female signal intensity as well as male 279 receptor capability in C. elegans, leading to an overall decrease in mate choice ability. This 280 diminution of choice is likely a result of the independent lineage transition to self-fertilizing 281 hermaphrodism in C. elegans. Since fertilization is predominantly by selfing and males are rare 282 within populations, sexual selection -apparently including mate recognition dynamics -is 283 greatly reduced.
14
This hypothesis could be further tested by altering the number of signalers in the 285 upstream chambers. The pheromone arena allows for exact control over the number of worms 286 producing pheromone and, given the constant flow dynamics, altering the number of worms 287 would in effect alter the concentration of pheromone signal in the downstream chamber.
288
Previous studies have used various concentrations of hermaphrodite-conditioned media and 289 found different results in male attraction [16, 18] . Our assays used the same number of females in 290 both upstream chambers, however, modulating the number of females in each upstream chamber 291 is promising future work.
292
Previous work has shown that females are attracted to isolated, male-produced ascaroside 293 cues [15, 38] , however, this result has not been replicated when the signal is produced in vivo. We 294 took a novel approach comparing female discrimination between male and female produced 295 pheromones to determine if females are truly attracted to males or are simply repulsed by the 296 presence of a high number of other females. A discernable choice of males over females was 297 measured in the C. remanei conspecific assays. Additionally, females were attracted to male 298 pheromone over a no pheromone control, suggesting this choice measured is true attraction to 299 males. Despite making a choice, the intensity with which females choose males was much 300 weaker than seen for the male choice assays. This weak attraction could potentially explain why 301 previous plate-based assays -where male signals can be lost by diffusion or mixed with other 302 signals from the environment -could not measure any female choice of males [13, 16] . However, 303 C. elegans females made no choice in the conspecific assays as was also seen for both 304 heterospecific assays, suggesting species-specific effects. Together these results suggest that 305 when sexual selection is strong, as in C. remanei, males take a more active searching approach, 306 such that females are predominantly signalers, while males are active receivers and searchers.
15
This signal-receiver dynamic is in somewhat of a sex-role reversal from traditional sexual 308 selection models of male signaling and female receiving, though still consistent with anisogamy. 309 We further examine female choice based on a female's mating status. Mating status is 310 known to influence remating behavior in many species, such that mated females -or females 311 with sperm -typically have a lower propensity to remate [39, 40] . Moreover, mated females will 312 run away from males to avoid remating [41] . These observation is consistent with our results as 313 virgin females strongly preferred male pheromones while mated females made no choice 314 between male and female pheromones.
315
While the Pheromone Arena is both an innovative and effective tool, there are several 316 limitations to its use. Namely, the difference in size between older adult males and females poses 317 a problem for intersex comparisons. Additionally, the design could be improved by limiting 318 worms from reaching other chambers through the filter separators. This cross-chamber 319 movement was particularly an issue with males as they have a small diameter and a highly-320 developed searching behavior that leads them to attempt to crawl through the filters to reach the 321 virgin females. However, the filter between the upstream and downstream chambers is currently 322 at the lower limit of what can accurately be manufactured using PDMS-based microfluidics and 323 thus a significant design change would be required to prevent this tenacious behavior.
324
Despite these limitations, the Pheromone Arena was able to reproduce previously seen 325 sexual behavior responses and go further into the study of species-specific sexual attraction in 326 both males and females. In the future, this type of device could be used to study the effect of 327 density or sex ratio on sexual attraction. Moreover, it would be possible to modify these devices 328 to allow food delivery and perform longer term assays or study the influence of food availability 329 on sexual attraction. Such assays would benefit from being coupled with an automated system 330 [see 42] to obtain a more accurate counting via recordings and to facilitate high-throughput 331 experiments. 
